Previous studies have suggested that oral zinc supplementation can help reduce the duration of the common cold; however, the use of intranasal (IN) zinc is strongly associated with anosmia, or the loss of the sense of smell, in humans. Prior studies from this lab showed that upregulation of metallothioneins (MT) is a rapid and robust response to zinc gluconate (ZG). Therefore, we assessed the role of MT in the recovery of nasal epithelial damage resulting from IN zinc administration. The main studies in this investigation used a high dose of ZG (170 mM) to ensure ablation of the olfactory mucosa, so that the progression of histological and functional recovery could be assessed. In vivo studies using wild-type, MT1/2 knockout mice (MT KO), and heterozygotes administered ZG by IN instillation showed profound loss of the olfactory mucosa in the nasal cavity. Recovery was monitored, and a lower percentage of the MT KO mice were able to smell 28 d after treatment; however, no significant difference was observed in the rate of cell proliferation in the basal layer of the olfactory epithelium between MT KO and wild-type mice. A lower concentration of ZG (33 mM), equivalent to that found in homeopathic IN ZG preparations, also caused olfactory epithelial toxicity in mice. These studies suggest that the use of zinc in drug formulations intended for IN administration in humans must be carefully evaluated for their potential to cause olfactory functional deficits.
Introduction
Zinc is an essential metal, but also capable of causing toxicity when exposure far exceeds the physiological need. Zinc deficiency has many consequences, including impaired immune function, learning deficiencies, growth deficiencies, complications during pregnancy and delivery, and anorexia (Bonaventura et al., 2015; Golub et al., 1995; Favier, 1992a Favier, , 1992b Katz et al., 1987) . A recent meta analysis showed that zinc acetate lozenges shortened the duration of various respiratory tract symptoms, as well as muscle aches, with no effect on the duration of headache and fever when started within 24 h of appearance of symptoms (Hemilä and Chalker, 2015) . Despite the reported benefits of oral zinc supplementation, intranasal (IN) administration of zinc gluconate (ZG) for treating symptoms of the common cold causes olfactory damage in humans (DeCook and Hirsch, 2000; Jafek et al., 2004; Alexander and Davidson, 2006) . These recent findings were not unprecedented; based on evidence that IN administration of zinc protected monkeys from contracting polio (Schultz and Gebhardt, 1936) , a small cohort of medical students and several thousand school children were treated with intranasal zinc as a prophylaxis against polio. The medical students reported a temporary loss of the sense of smell, which recovered after a few weeks (Peet et al., 1937) . Not only did the therapy fail to protect the children from polio, but approximately 25% of the treated children reported persistent disturbance of smell and taste (Tisdall et al., 1938) . More recently, due to the proliferation of over-the-counter intranasal zinc gluconate nasal sprays and gels, the US Food and Drug Administration warned against the use of these products, largely due to consumer complaints of olfactory dysfunction after using these products (New York Times, 2009) .
Metallothioneins (MT) are small, cysteine-rich proteins that bind zinc, copper, cadmium, and other heavy metals with high affinity, and can reduce heavy metal toxicity (Coyle et al., 2002) . Recent reports suggest that MT have biological importance beyond their well-known role in metal ion sequestration. MT proteins clearly also have a role in wound healing and neuroprotection (Pedersen et al., 2009; Morellini et al., 2008; Chung and West, 2004; Chung et al., 2003; Penkowa et al., 2003) . Prior work demonstrated MT1 and MT2 in olfactory supporting cells, and in proliferating basal cells following olfactory epithelial damage (Skabo et al., 1997) . Mice have four MT isoforms, with broad tissue expression of MT1 and MT2; MT3 is found predominantly in the nervous system, while MT4 is expressed in stratified squamous epithelia associated with oral epithelia, esophagus, upper stomach, tail, footpads, and neonatal skin Tío et al., 2004) . The goal of this study was to evaluate olfactory function and olfactory epithelial recovery in wild-type vs. mice lacking MT1 and MT2 isoforms (MT KO). After assessment of basal olfactory function, wild-type, heterozygous, and MT KO mice were administered ZG (170 mM) by intranasal instillation. Olfactory function was measured using the buried food pellet assay at multiple time points after ZG treatment, and olfactory recovery was assessed in histological sections. Olfactory cell proliferation was assessed in wild-type and MT KO mice using proliferating cell nuclear antigen (PCNA) immunohistochemistry in untreated mice of each genotype. In addition, we studied the very early time course of ZG-induced olfactory degeneration (2-24 h), as the earliest time point previously examined in the literature after IN zinc administration was 24 h after treatment. Finally, we examined the olfactory epithelial damage induced by a clinically-relevant concentration of ZG (33 mM; Jafek et al., 2004) .
Materials & methods

Chemicals and reagents
Zinc gluconate ((ZG) MP Biomedicals LLC) solution was prepared using distilled water and sterilized by syringe-filtering through a 0.2 mm filter disc. Cap'n'Crunch cereal (Quaker Oats Co.), was used for olfactory behavioral assessment. Direct PCR Lysis Reagent (Ear) and Proteinase K solution from Viagen Biotech (Los Angeles, CA) were used for genotyping. Taq PCR Master Mix Kit was purchased from Qiagen (Valencia, CA) for genotyping reactions. Proliferating cell nuclear antigen primary antibody (NeoMarkers, Fremont, CA; 1:100 dilution) and Vectastain Universal and DAB reagent kits (Vector, Burlingame, CA) were used to assess olfactory basal cell proliferation in nasal cavity sections.
Mouse husbandry
All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati (Cincinnati, OH). In brief, heterozygous metallothionein 1/2 mice were generated by crossing metallothionein 1/2 null mice with wild-type 129S1 mice (Jackson Laboratory, Bar Harbor, ME) (Masters et al., 1994) . The heterozygotes were crossed to generate wild-type, heterozygous, and MT KO mice for behavioral assessment and histological recovery studies. Mice were weaned at 3 wk of age and were group-housed with littermates based upon sex in a temperature and humidity controlled facility under 12 h light/12 h dark cycle with free access to food (Harlan 7922 (irradiated)) and water except for the night before a buried food pellet test. Water supplied to the barrier facility underwent filtration (5 mm filters), followed by reverse osmosis and UV irradiation.
Because MT1 and MT2 genes are adjacent in a single locus on chromosome 8, genotyping was accomplished with a single PCR reaction. A standard ear punch (1.5 mm diameter) was lysed overnight at 55 C in 100 mL Direct PCR Lysis Reagent containing proteinase K, following by 60 min protease inactivation at 85 C. The resulting lysate was used in a PCR reaction with the following primers: (Harding et al., 1978) , and the volume was based on previous experience in our lab and recommendations of Dhuria et al. (2010) .
Mice were held at an approximately 45 angle from the horizontal position, with the head pointing to the floor. Each nostril was treated with a clean 10 mL pipet tip (10 mL/nostril). Upon regaining consciousness, the mice were placed in a holding cage, where they were allowed to awaken completely before returning to the home cage. Mice were euthanized for histological evaluation 1, 2, 4, 8, 12, and 24 h post-dosing, with 2-3 mice euthanized at each time point. Sterile filtered water was used as the vehicle control.
28-d time course study
Mice of all genotypes (n = 20 wild-type, 28 heterozygotes, 21 MT KO) were administered 170 mM ZG as described above. Olfactory function (buried food pellet test, described below), followed by histopathological evaluation, was assessed 1, 7, 14, and 28 d postdosing, with 15-20 mice used at each time point.
Low-dose ZG study
Wild-type mice (n = 4) were administered 33 mM ZG as described above and evaluated for olfactory epithelial damage 24 h later by histological evaluation
Tissue processing and staining
After euthanasia with carbon dioxide (medical grade, in a euthanasia chamber), mice were decapitated and the lower jaw was removed. The nasal cavity was flushed retrogradely via the nasopharynx with approximately 1 mL of 10% neutral buffered formalin, and the heads were then fixed overnight in the same fixative. Nasal cavities were de-calcified in 10% formic acid for approximately 1 wk, and washed overnight in tap water prior to sectioning according to Young (1981) . Nasal cavity sections at Level 2 (at the incisive papilla, containing respiratory, olfactory, and squamous epithelia) and Level 3 (taken at the second palatal ridge and lined almost exclusively by olfactory epithelium) from each mouse were submitted for routine paraffin embedding. Noses were dehydrated, paraffin embedded, sectioned (5 mm), and stained with hematoxylin and eosin (H&E) for light microscopic evaluation.
Proliferating cell nuclear antigen (PCNA) immunohistochemistry
In order to ascertain whether MT KO had a lower intrinsic rate of cell proliferation in the olfactory epithelium, PCNA immunohistochemistry was performed on untreated wild-type and MT KO mice. Paraffin embedded sections from untreated wild-type (n = 4) and MT KO mice (n = 3) were deparaffinized, rehydrated and microwaved in citric acid (10 mM, pH 5.2) for 10 min for antigen retrieval. After washing with 0.01 M phosphate buffered saline, sections were blocked with 10% horse serum and then incubated with biotinylated anti-PCNA antibody (NeoMarkers, Fremont, CA; 1:100 dilution) at 4 C overnight in a humidified chamber. Vectastain Universal and DAB reagent kits (Vector, Burlingame, CA) were used to localize antibody binding. PCNA positive cells were counted in the basal layer of the olfactory epithelium of the dorsal meatus of the nasal cavity, and basement membrane lengths were measured using ImageJ software (http://imagej.nih.gov/ij/). Labeling indices were calculated as the number of PCNA positive basal cells divided by the length of the basement membrane.
Buried food pellet test
Olfactory function was assessed using the buried food pellet assay as described by Yang and Crawley (2009) with several modifications, described herein. Mice were fasted overnight for 12-14 h before testing with the exception of day 1 testing, where the mice were not fasted. Testing was carried out in a polycarbonate mouse cage (12 Â 7.75 Â 6.25 in) which had been filled with 2.5 cm of bedding (Bed-o-Cobs, The Andersons Lab Bedding Products, Maumee, OH). Mice were allowed to acclimate to the test cage for 10 min before being moved to an empty cage, while the Cap'n'Crunch cereal was hidden (approximately 1 cm below the surface) in a randomly selected corner. Mice were then returned to the test cage and it was recorded whether the mice were able to find the food within the 5 min time limit.
Statistical analysis
Buried food pellet data were analyzed using Fisher's exact text, given that data were quantal in nature (i.e. mice either found or did not find the buried pellet with the allotted 5-min period) (Gad, 2008) . Statistical significance was set at p < 0.05.
Results
As seen in Table 1 , none of the mice were able to find the buried food 1 d after IN ZG dosing, thereby confirming that the dosing had been properly administered and all the mice were anosmic. At 2 wk post-IN dosing, 27% of the WT mice recovered olfactory function, while 42% of the heterozygotes and KO mice found the food. At the 4 wk time point, all of the WT mice found the food within 5 min, while only 78% of the heterozygotes and 43% of the KO mice were able to find the food.
The time course of olfactory epithelial damage and recovery of the olfactory epithelium following ZG administration was assessed by evaluation of H&E-stained histological sections. All mice, regardless of genotype or gender, showed identical degrees of histological injury and repair at the time points evaluated after ZG treatment. The normal vehicle-treated olfactory epithelium (Fig. 1A) first showed histological changes in appearance 2 h after ZG treatment (Fig. 1B) , with the olfactory epithelium taking on a ruffled appearance, followed by sloughing of the entire epithelial layer from the basement membrane (Fig. 1C, D) 4 h after ZG treatment. As shown in Fig. 1D , the entire epithelium appears to lift off from the basement membrane, with no discernable toxicity to the olfactory neuron or supporting cell populations in the epithelium. By 12 h after treatment (Fig. 1E) , epithelial debris was readily visible in the nasal airways. By 24 h after ZG treatment, all mice (WT, heterozygotes, and MT KO) exhibited complete degeneration of the olfactory epithelium, as shown in Fig. 1F . Note the complete absence of epithelium. Some recovery was evident 7d after ZG treatment (Fig. 1G) , with further recovery, including regeneration of Bowman's glands (Fig. 1H) 14 d after treatment. By 28 d, most of the mice had recovered full-thickness, properly differentiated olfactory epithelium in the level III nasal cavity sections (Fig. 1I) . However, foci of respiratory metaplasia were present in all mice in the Level 2 (more anterior) nasal cavity sections at the 28 d time point, with approximately half of these mice also showing foci of metaplasia in the more posterior (Level 3) nasal cavity section (Fig. 1J) . IN administration of ZG at 33 mM, which is the concentration found in a ZG over-the-counter preparation used by humans (Jafek et al., 2004) , was also found to cause olfactory epithelial degeneration in wild-type mice (Fig. 2) .
PCNA immunohistochemistry was used to test the hypothesis that the delay in recovery of the MT KO mice was due to a slower rate of cell proliferation in the basal layer of the olfactory epithelium, compared to wild type mice. Cell proliferation was assessed in untreated 8 wk old mice (wild-type and MT KO). However, immunohistochemistry found no difference in the basal level of cell proliferation between wild-type and MT KO mice (mean and AE SD: 13.6. AE 4.4 PCNA positive cells/mm basement membrane for wild-type mice and 13.6 AE 3.8 PCNA positive cells/ mm basement membrane for MT KO mice); representative photomicrograph is shown in Fig. 3 .
Discussion
MT are integral to controlling the levels of free zinc, and its expression is highly up-regulated in response to excess zinc (Ohly and Gleichmann, 1995; Ohly et al., 2000; Hsieh et al., 2016) . However, it is clear that MT are also important in responses to other insults. Hydrogen peroxide causes an up-regulation of Mt gene expression, while MT protein can scavenge peroxide and hydroxyl radicals to prevent lipid membrane damage (Dalton et al., 1994; Miura et al., 1997; Suntres and Lui, 2006) . In humans, MT polymorphisms are associated with increased sensitivity to cadmium-induced nephrotoxicity in Chinese populations, and elevated blood cadmium and lead levels in a Turkish population (Lei et al., 2012; Kayaalti et al., 2011) . These observations suggest that MT are not only important in regulating free metal ion concentration, but also responses to other cellular stressors, such as oxidative stress.
Polymorphisms in human MT1 and MT2 have been investigated with regard to their relationship to respiratory tract cancers. The association of single nucleotide polymorphisms (SNPs) at loci À5 A/G (rs28366003) and À209 A/G (rs1610216), as well as +838C/ G (rs10636) in the 3 0 untranslated region of the MT2 gene were investigated in sinonasal inverted papillomas, which are locally aggressive benign epithelial neoplasms in the cavity and paranasal sinuses (Starska et al., 2015a) . MT2 mRNA expression and Cd and Cu concentrations were negatively correlated with the À5 A/G SNP (Starska et al., 2015b) . This same research group also examined the association between the same three SNPs and laryngeal cancer risk. In this study, the G variant of the À5 A/G locus was associated with squamous cell laryngeal cancer (odds ratio (OR) 2.9, 95% confidence interval (CI): 1.53-5.21). The minor allele (G) carriers also had a higher stage of laryngeal cancer, including increased aggressiveness and more diffuse tumor growth (Starska et al., 2014) . MT1 polymorphisms were investigated for their association with oral squamous cell carcinoma (OSSC). Three loci, rs11076161 A, rs964372C, and rs719179C were protective against OSSC, whereas rs805239 A alleles were associated with increased risk ( Zavras et al., 2011) . A modest increased risk of lung cancer was associated with a polymorphism (rs7196890) in the MT1 gene, but the effect size decreased as the amount of smoking increased (Nakane et al., 2015) . Thus, MT polymorphisms, particularly those in the non-coding regions of the gene, may have a role in the functionality of MT in responses to environmental agents associated with respiratory tract injuries and cancer. Zinc gluconate (170 mM) was chosen for our analysis of olfactory epithelial damage and recovery studies, based upon the use of 170 mM zinc sulfate to induce anosmia in mice in previous studies (Harding et al., 1978) . Previously, large volumes (up to 100 mL) of zinc sulfate solution were administered; however, with such a large volume, mice experienced respiratory distress and death (Duncan-Lewis et al., 2011) . Our group determined that 10 mL of solution/nostril is sufficient to reach and cover the olfactory epithelium in mice, and this volume is similar to that recommended previously (total volume of 24 mL divided between both nostrils (Dhuria et al., 2010) ). In accordance with others, we demonstrated that after IN ZG exposure, mice became anosmic and started recovering their sense of smell by day 7 with almost all WT mice recovering their sense of smell 4 wk after treatment (Harding et al., 1978; Duncan-Lewis et al., 2011; Ducray et al., 2002) . The rate of recovery in this study was more rapid than that described by Harding and colleagues. This difference may be due to the fact that Harding et al. used larger volumes (50 to 100 mL of zinc sulfate solution), a different mouse strain (CD-1), and much older mice (retired female breeders). Induction of MT was demonstrated to vary among different mouse strains (Farr and Hunt, 1989) , thus it is not surprising that different mouse strains respond differently to IN zinc administration. Additionally, all of the WT mice could smell by the end of the study, while only 40% of the MT KO mice could smell, which suggests that MT are important for recovery of the sense of smell, or for epithelial repair in general.
MT appear to be critical during wound repair; MT KO mice showed impaired microglia function and debris clearance in response to cryolesions in the brain, which resulted in apoptosis in surrounding tissue and decreased neuron survival (Penkowa et al., 1999) . Additionally, exogenously-applied MT resulted in increased rate of cell proliferation and keratinocyte migration in vitro, while in vivo it promoted faster re-epithelization and wound healing compared to saline control (Morellini et al., 2008) . Thus, MT may be critical in the regeneration of olfactory neurons and explain why MT KO mice showed a delay in recovery of olfactory function. PCNA immunohistochemistry revealed that there were no genotyperelated differences in basal cell proliferation between wild-type and MT KO mice in this study.
It is now clear that intranasal administration of zinc salts is not safe for the olfactory epithelium in most instances. This was originally demonstrated in this country and in Canada in the 1930s, and again in recent times with the use of zinc gluconate intranasal cold products. However, zinc is not necessarily completely gone from intranasally-administered products. Zinc is an integral part of insulin formulations, as it promotes the proper hexameric structure of insulin and prevents agglomeration (Li, 2014) . According to Chapman et al. (2013) , intranasal administration of insulin is "a promising therapeutic strategy for the treatment of diseases with CNS involvement, such as obesity, Alzheimer's disease, Parkinson's disease, Huntington's disease, depression, anxiety, autism spectrum disorders, seizures, drug addiction, eating disorders, and stroke". In light of this, investigators have evaluated the potential risks associated with the concentration of zinc in insulin formulations (Hansen et al., 1994; Hamidovic 2015) . Based on observations that zinc toxicity occurs at concentrations between 0.01 and 0.05% zinc, current insulin products appear to be safe, as the concentration in these formulations ranges between 0.007 and 0.0065% (Hansen et al., 1994; Hamidovic 2015) . However, intranasal insulin was found to reduce sensitivity to the odorant n-butanol (i.e. increased threshold concentration), but not olfactory discrimination, in normosmic subjects receiving 40 IU of insulin intranasally (zinc concentration not specified; Brünner et al., 2013) .
By examining the olfactory epithelium at very early time points after IN administration of ZG, we noted that the loss of the epithelium appears to arise as detachment of the entire epithelial layer, not due to death of a specific cell population. This prompted the question as to what molecules are responsible for adhesion of the olfactory epithelium to the olfactory basement membrane.
Carter et al. demonstrated the expression ICAM-1, as well as a1-, a3-, a6-, b1-and b4 integrins adjacent to the olfactory basement membrane in mice. After loss of olfactory neurons due to olfactory bulbectomy, adhesion molecule expression in the olfactory epithelium declined, with concomitant basal cell proliferation to replace the damaged epithelium (Carter et al., 2004) .
Integrin molecules are composed of two non-covalently linked subunits, with ligand binding requiring extracellular divalent cations, typically Ca 2+ or Mg 2+ (Alberts et al., 2000) . We hypothesize that zinc ions may dysregulate integrin-ligand binding, and previous studies showed that zinc also downregulates a-actinin expression (Hsieh et al., 2016) , which is one of many ligands that interact with integrins for cell adhesion (Alberts et al., 2000) . In support of this hypothesis, Lymburner et al. (2013) demonstrated that zinc (10-50 micromolar concentrations) inhibited magnesium-dependent adhesion of MDA-MB-231 cells on fibronectin. Efforts to confirm loss of the adhesion molecule Fig. 2 . Dorsal medial nasal cavity of a wild-type mouse, 24 h after instillation of 10 mL/nostril of zinc gluconate (33 mM, which is equivalent to the concentration in an over-the-counter zinc gluconate cold remedy). Note the complete absence of olfactory epithelium, except for some spared basal cells (arrows). H&E, 40Â magnification. actinin (based on previous RNAseq results (Hsieh et al., 2016) ) and integrin b4 (based on Carter et al., 2004) were unsuccessful due to the failure of the respective antibodies to work, likely due to the decalcification procedure performed on the tissues. The present studies demonstrate that MT1 and MT2 deficiency is associated with delayed recovery of the olfactory epithelium after a toxic insult, adding to the growing body of knowledge of the importance of MT in epithelial homeostasis and repair. If zinc salts are required components of intranasally-administered drugs, such as the insulin example described herein, care must be exercised to assure that levels of zinc are below the known levels to cause damage in humans.
